Organisms survive in naturally fluctuating environments by responding to 21 long-term signals, such as seasonality, by filtering out short-term noise. DNA 22 methylation (gbM) itself was generally stable across seasons, but the levels of 36 gbM were positively associated with seasonal stability of RNA expression of the 37 genes. These results suggest the existence of two distinct aspects of DNA 38 methylation in natural environments: sources of epigenetic variation and 39 epigenetic marks for stable gene expression. 40
methylation has been considered a stable epigenetic mark but has also been 23 reported to change in response to experimental manipulations of biotic and 24 abiotic factors. However, it is unclear how they behave in natural environments. 25
Here, we analyzed seasonal patterns of genome-wide DNA methylation at a 26 single-base resolution using a single clone from a natural population of the 27 perennial Arabidopsis halleri. The genome-wide pattern of DNA methylation was 28 primarily stable, and most of the repetitive regions were methylated across the 29
year. Although the proportion was small, we detected seasonally methylated 30 cytosines (SeMCs) in the genome. SeMCs in the different contexts showed 31 distinct seasonal patterns of methylation. SeMCs in CHH context were detected 32 predominantly at repetitive sequences in intergenic regions. Additionally, we 33 found that CHH methylation within AhgFLC locus showed a seasonal pattern 34 that was negatively associated with changes in gene expression. Gene-body CG 35
Introduction 43 DNA methylation at cytosine residues is an epigenetic mark that can be 44 maintained through cell divisions in a wide range of eukaryotic genomes (1) .The 45 previous analyses in diverse organisms have revealed genomic distributions of 46 DNA methylation vary among organisms (2-7). In plants, DNA-methylation varies 47 both between and within species (8), and sometimes is associated to phenotypic 48 variation (9-11). Although the level and patterns of DNA methylation are 49 heritable to a certain extent, the mechanisms that produce and maintain 50 epigenetic variation across generations are largely unknown. 51
DNA methylation can vary between individuals also by non-genetic causes. 52
It has been shown that both biotic and abiotic treatment can modify DNA 53 methylation (12-14). Because of its semi-stable and semi-labile nature, 54 non-genetic changes in DNA methylation are not explained by simple 55 environmental effects. For example, even in a genetically homogeneous 56 background under stable laboratory conditions, epigenetic variation in DNA 57 methylation can occur during repeated self-pollination in a transgenerational 58 7 bisulfite sequencing (WGBS) at 1.5-month intervals, over a year, under natural 75 conditions. We adopted the strategy of monitoring the seasonal pattern in a 76 single clonal individual with a uniform genetic background. 77 DNA methylation occurs in three contexts, according to the flanking 78 sequence, i.e. CG, CHG and CHH (H = A, C, or T). The former two form 79 symmetrically and the latter one asymmetrically, in terms of sequences on the 80 complementary strands. Since these contexts of methylation are distinctly 81 regulated and associated with DNA replication, histone modification, and 82 non-coding RNA production (22-24), we examined seasonal patterns of DNA 83 methylation by conducting single-base resolution analyses. 84
The results suggested the existence of seasonally methylated cytosines 85 (SeMCs) in the genome, at least for the examined clone. Interestingly, DNA 86 methylation changes occurred in a context-dependent manner. There were 87 distinct patterns of seasonal changes among CG, CHG, and CHH methylation. 88
Moreover, our analysis revealed that genic CG methylation, i.e. gene-body 89 methylation (gbM), was seasonally stable by itself, and was associated with 90 10 other sampling times). Although aggregation of DNA methylation at repetitive 123 sequences was similar to the patterns previously reported in related 124 Brassicaceae (2, 3, 25), seasonal stability in large-scale distribution of DNA 125 methylation was reported for the first time here. 126 127 SeMCs: Seasonal dynamics of DNA methylation. Next, we searched for 128
SeMCs by detecting differently methylated cytosines in the genome across the 129 eight time points (Fisher's exact test; P < 0.001; FDR < 0.2). The majority of 130 cytosines did not show statistical differences in methylation across the year, and 131 the proportion of SeMCs was less than 0.5% of total cytosines ( Fig. S2 A and B) . CHH methylation for all repetitive sequences in the genome of A. halleri. The 149 median level of methylation was the highest in autumn, i.e., September and 150 November (Fig. 4B ), and the pattern was similar to that of whole-genome 151 CHH-SeMCs. An example of seasonal changes in CHH methylation level in a 152
LINE/L1 showed low and high levels in February-March and 153
September-November, respectively (Fig. 4C ). The highest methylation levels in 154 RC/Helitron (Fig. S3) . 157
In addition, we found some repetitive sequences that showed a unique 158 seasonal pattern of CHH methylation. For example, in the intronic repeat at the 159 locus of FLOWERING LOCUS C homolog (AhgFLC). AhgFLC expression is 160 regulated seasonally and suppresses flowering when it is upregulated (20). We 161 found that a SINE-like repetitive sequence in the first intron of AhgFLC showed a In order to examine the potential role of gbM in gene regulation, we tested 176 whether the level of gbM associated to seasonal patterns of RNA expression 177 using previously published data of a two-year seasonal RNA-seq of A. hallei at 178 the same study site (21). We found that genes with high gbM often have 179 constant levels of RNA expression across the year. One such example was 180 AhgPP2AA3 (Fig 5 A and B) , the homolog of PROTEIN PHOSPHATASE 2A 181 SUBUNIT A3, a gene that is known as one that is constantly-expressed under 182 various conditions in A. thaliana (28). This is in contrast to the situation of 183
AhgFLC locus, a representative of seasonally expressed genes, which lacks CG 184 methylation from the entire locus, except for the repetitive sequence in the first 185 intron ( Fig. 5 C and D) . Based on these observations, we hypothesized that gbM 186 hypothesis, we calculated the seasonal average and range of RNA expression 188 for each gene, then compared them between genes with different levels of gbM 189 ( Fig. 5 E and F) . Genes that were highly methylated in CG context showed 190 relatively high average levels of RNA expression ( Fig. 5E ). The magnitude of 191 seasonal changes in RNA expression of these genes decreased with increasing 192 levels of gbM ( Fig 5F) . These results are consistent with the hypothesis 193 mentioned above. The genes with the highest methylation level (in 'group 5' in 194 (Table S3) . In this study, we examined the seasonal patterns of DNA methylation at CG, 198 CHG, and CHH contexts in Arabidopsis halleri, under natural conditions. We 199 identified the genomic sites that showed seasonal changes in DNA methylation. 200
Our observations suggest that seasonal factors in the natural habitat could affect 201 DNA methylation differently according to its context and location in the genome. 202 clones should be explored in future studies by applying WGBS to a 205 population-level study with multiple repeat samples. 206 CHH methylation showed seasonal changes in diverse repetitive elements, 207 and the level of DNA methylation was high in autumn, and low in winter. In A. 208 thaliana, it has been reported that the level of CHH methylation in transposable 209 elements was higher in 16˚C environments relative to 10˚C (13). Additionally, it 210 has been suggested that RNA-directed DNA methylation (RdDM) pathway, 211 which is required for maintenance and de novo methylation and mainly targets 212 transposable elements, are involved in heat tolerance (29). This suggests that 213 our observation on CHH SeMCs could reflect the temperature-dependence of 214 the regulation of CHH methylation. 215
Seasonal changes detected in CHH methylation at a repetitive element in 216
AhgFLC was an interesting example showing how genic heterochromatin 217 behaves in genes. We observed that the seasonal pattern of CHH methylation in 218 conserved structures in its second intron called VRE (vernalization response 221 element), which is involved in responsiveness to cold treatment (30, 31). Large-scale patterns of DNA methylation were constant throughout the 233
year for all three contexts, although there were seasonal changes in DNA 234 observed in gene body, and, furthermore, we found that genes with high levels of 236 gbM showed seasonal stability in their gene expression. Although the function of 237 gbM is still unclear (35), our results support previous reports, in A. thaliana, that 238 gbM associates with genes modestly expressed among different tissues and 239 experimental conditions (6, 36-38), and imply the importance of gbM under 240 seasonal environment in a natural habitat. 241
Currently, we cannot entirely explain the patterns of DNA methylation in 242 SeMCs, particularly in CG or CHG contexts. It is very likely that there are 243 unidentified processes associated with environmental responses of DNA 244 methylation that have not been studied under laboratory conditions. As 245 (41). Libraries for WGBS were constructed as described previously (42). 281
Sequencing was performed with the Illumina Hiseq 2500 system. 282
Processing of WGBS data. Sequenced reads were trimmed using 284 Trimmomatic (43). Trimmed reads were mapped onto the genome sequence of 285 A. halleri (44) using Bismark (45) and Bowtie2 (46). Repetitive sequences in the 286 genome were detected using RepeatModeler (47), and repeats with at least 50 287 bp length were used for further analyses. The level of DNA methylation was 288 calculated for each context using the ratio of the number of methylated cytosines 289 to the number of total sequenced cytosine included in any region of the genome. 290
Efficient bisulfite treatment (> 99% in all samples) was confirmed using the level 291 of DNA methylation in unmethylated lambda DNA (Table S4) . SeMC was defined 292 as any cytosine differently methylated between at least two time points, detected 293 by Fisher's exact test, with genome-wide FDRs that were calculated using 294
Storey's method (48). To draw the heatmaps of methylation of SeMCs, cluster 295 3.0 (49) and Java Treeview (50) were used. To draw a circos plot for 296 scaffold-wide DNA methylation, Circos software (51) was used. To make 297 browser views of DNA methylation, Integrated Genome Viewer (52) was used. 298 (https://vcf-kit.readthedocs.io), and Dendroscope3 (54) were used. 300 301 Transcriptome analysis. RNA extraction and library preparation for RNA-seq 302 were performed using the shotgun type method of BrAD-seq protocol (55). 303
Sequencing was performed with the Illumina Hiseq 2500 system. Mapping of the 304 reads and calculation of RPM were processed as described previously (21) 305 except that the reference sequence was replaced with a newer annotation (44). 306
To calculate seasonal average and range of expression of genes more precisely, 307 weekly sampled RNA-seq data from a two-year period (21) were re-analyzed. To 308 quantify the expression, Kallisto software was used (56). Calculation of seasonal 309 average and range of RNA expression was based on previously described 310 methods (21). Only expressed genes (average expression level (log2(RPM) > 1)) are used for these analyses. Genes were split into five bins according to quintiles of genic DNA methylation in CG context. The boxes span from the first to the third quartiles, the bands inside the boxes are the medians, whiskers above and below the boxes represent 1.5 × interquartile ranges from the quartiles. Different letters represent significant differences between groups in the Mann-Whitney test, P < 0.01 adjusted for multiple comparisons.
